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A B S T R A C T

The influence of climate change and fire regimes on vegetation in the Canary Islands at the millennial scale 
remains largely unknown. This study presents the longest continuous palaeoecological record from the archi
pelago, spanning the last 28,000 years from Vega de Arucas in Gran Canaria. Using a multiproxy approach, we 
analysed charcoal particles for fire frequency reconstruction, fossil pollen and non-pollen palynomorphs (NPPs) 
for vegetation change, sedimentology for changes in material deposited, branched glycerol dialkyl glycerol 
tetraethers (brGDGTs) for air temperature, and pollen climate modelling for temperature, precipitation, and 
relative humidity estimates. We document different changes in vegetation and fire regimes linked to regional and 
global climatic transitions. Before the Last Glacial Maximum (LGM), pollen and charcoal data indicate local 
presence of a laurel forest taxa (e.g., Morella faya) at low elevations (c. 200–300 m above sea level), subjected to 
infrequent fires, suggesting wetter conditions and cooler temperatures. During the LGM, the laurel forest was 
replaced by a dry pine forest, indicative of lower than previous temperatures and reduced water availability. This 
transition from laurel to pine forest coincides with an increase in fire frequency. During the last deglaciation 
(Bølling-Allerød and Younger Dryas), a rapid shift occurred from pine forest to thermophilous woodland (e.g., 
Juniperus sp., Phoenix canariensis), reflecting warmer conditions with continued climate oscillations and more 
frequent fire activity. Although pollen preservation was poor during the Holocene and hampers current under
standing of vegetation changes throughout this period, charcoal records indicate frequent fires. While previous 
views have proposed that islands may have been buffered from climatic changes due to the regulating influence 
of the ocean, our study confirms a scenario of direct influence of global and regional climatic variations in local 
vegetation distribution and fire regimes. This has important implications for understanding vegetation resilience 
and landscape management in the face of future climatic changes.
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1. Introduction

Understanding the long-term dynamics of climate, disturbances, and 
biodiversity on islands not only helps us comprehend their natural his
tory but also allows us to forecast their responses to global change 
(Nogué et al., 2017). Future climate change predictions suggest islands 
will face warmer temperatures, shifts in rainfall patterns caused by 
ocean current changes, and variations in cloud cover (Sperling et al., 
2004; Harter et al., 2015). These shifts are expected to severely impact 
island ecosystems, as their vulnerability is heightened by the low levels 
of functional redundancy of the insular biota (Gilman et al., 2010; 
Harter et al., 2015). The predictions result in a dual outcome: islands 
with low topographic complexity will experience heightened extinction 
rates, whereas those with more complex topography will serve as 
climate refuges (Harter et al., 2015). Furthermore, climate change is 
increasingly triggering extreme climatic events; however, the impact of 
these disturbances on oceanic islands remains poorly understood due to 
a lack of long-term observational records (Jansen et al., 2007). Globally, 
islands generally exhibit cooler, more humid, and less seasonally vari
able conditions compared to mainland areas at similar latitudes, pri
marily due to their elevation and oceanic surroundings (Weigelt et al., 
2013). This oceanic influence has traditionally led island bio
geographers to view islands as relatively stable systems, buffered by the 
ocean (Whittaker and Fernández-Palacios, 2007; Whittaker et al., 2023). 
However, early debates in this field highlighted the impact of climate 
changes (e.g., Pleistocene glaciations) on the rate of island endemism 
through, for example, shifts in island area, isolation and elevation 
(Fernández-Palacios et al., 2016; Weigelt et al., 2016; Norder et al., 
2019; Whittaker et al., 2023). Furthermore, recent analyses of long-term 
multi-proxy sediment data are revealing evidence of islands’ lack of 
stability in relation to climate and disturbance (Birks and Birks, 2006; 
Ljung and Björck, 2007; Jansen et al., 2007; Castilla-Beltrán et al., 
2023). Long-term studies are essential for understanding island natural 
variability, providing a comprehensive temporal perspective that en
ables researchers to contextualise recent ecological changes with pre
vious natural dynamics (Willis and Birks, 2006). In terms of climate 
reconstruction, terrestrial records from islands provide advantages over 
mid-ocean marine cores. They can provide much higher temporal and 
spatial resolution regarding terrestrial biodiversity responses to change 
and avoid radiocarbon dating complications associated with the marine 
reservoir effect (Björck et al., 2006; Ljung and Björck, 2007). For 
example, palaeoecological studies in Mauritius (Indian Ocean) reveal 
hydrological dynamics related to ENSO, showing shifts between wetland 
and lake conditions influenced by sea level rise and precipitation 
changes (de Boer et al., 2013). Similar studies in the Azores (Atlantic 
Ocean) have shown precipitation changes linked to shifts in the North 
Atlantic thermohaline circulation (Björck et al., 2006; Richter et al., 
2022).

Due to their isolation, small size, elevational and climatic gradients, 
oceanic islands provide valuable settings for understanding natural en
vironments (Whittaker et al., 2023). Moreover, islands host high levels 
of endemicity, which in turn are highly threatened, and thus some are 
considered biodiversity hotspots on the planet (Nogué et al., 2017; 
Fernández-Palacios et al., 2021). On the other hand, oceanic islands are 
among the most recently colonised areas on Earth, often within the last 
few millennia or centuries (Nogué et al., 2021, 2022). This relatively 
recent colonisation allows for the examination of natural fire regimes 
related to climate for comparison with later human-driven fires (Nogué 
et al., 2024). In Hawaii (Pacific Ocean), tropical forests have shown 
remarkable stability and resilience in the face of wildfires and drought 
(Crausbay et al., 2014). Similarly, fires in Corsica (Mediterranean Sea) 
function as natural landscape engineers (Leys et al., 2014; Lestienne 
et al., 2019). By contrast, in New Zealand where natural fires were 
infrequent during the Holocene, recent human arrival dramatically 
increased fire frequency and extent, reducing forest cover from 85–90 % 
to 25 % of the land area since the 13th century (McWethy et al., 2010, 

2014; Perry et al., 2014).
The Canary Islands are located near the northwestern coast of the 

Sahara Desert, harboring a unique biodiversity with over 17,800 
terrestrial species, of which a large proportion are endemic (Banco de 
Datos de Biodiversidad de Canarias, 2024). The earliest human presence 
in the Canary Islands dates c. 2000 cal a BP, although this timing varies 
between islands (Santana et al., 2024). Palaeoecological studies con
ducted in Tenerife (de Nascimento et al., 2009), Gran Canaria (de Nas
cimento et al., 2016; Ravazzi et al., 2021), and La Gomera (Nogué et al., 
2013) have demonstrated shifts in vegetation and fire occurrences 
during the Holocene. These shifts were linked to human colonisation in 
Tenerife and Gran Canaria, and to decreased humidity/precipitation in 
La Gomera. Ecological succession studies in the Canary Island laurel 
forests suggest that these communities are highly susceptible to fire, and 
their fundamental characteristics—such as structure, composition, and 
microclimate—showing significant alterations that can still be detected 
up to 50 years later (Bello-Rodríguez et al., 2018). By contrast, in the 
Canary Island pine forest, Pinus canariensis exhibits morphophysio
logical adaptations that enhance its fire resistance (Climent et al., 2004; 
Ne’eman and Arianoutsou, 2021) while the fire resistance of other 
accompanying species remains less well-understood (Garzón-Machado 
et al., 2012). Ecological monitoring studies on structure, sexual regen
eration, species richness, and composition of pine forests suggest com
plete recovery after fire (Otto et al., 2010; Arévalo et al., 2014; Méndez 
et al., 2015). Moreover, the vulnerability and resilience of key zonal 
ecosystems to climate change have become a central focus of research, 
particularly in mid and high-elevation habitats such as the laurel forest 
(Sperling et al., 2004; García-López et al., 2022), the pine forest 
(Bello-Rodríguez et al., 2019; Navarro-Cerrillo et al., 2024), and the 
summit scrub (Olano et al., 2017; Martín-Esquivel et al., 2020). These 
studies have provided long-term insights into the complex interplay 
between climate, vegetation, and fire regimes in the Canarian archi
pelago during the Holocene. However, several knowledge gaps remain 
around longer-term fire frequency, vegetation and climate change that 
inhibit our ability to predict resilience to future global change. 

1) Understanding the influence of past climate changes on biodiversity: 
Despite regional studies spanning the Late Pleistocene that have 
explored broader climatic influences on marine/coastal biodiversity 
(e.g., Yanes et al., 2011), local terrestrial evidence of climate shifts is 
scarce. Additionally, most of the available information from this 
period is from studies on the eastern islands (Lanzarote and Fuerte
ventura) (Damnati et al., 1996; Coello et al., 1999; Lomoschitz et al., 
2008). The knowledge of past vegetation dynamics is limited to the 
Holocene due to the scarcity of permanent lakes (Anderson et al., 
2009). The combination of fossil and subfossil data with recently 
developed geochemical methods on available long-term records 
could be used to infer past climate conditions during a more 
climatically variable epoch such as the Pleistocene (Jansen et al., 
2007).

2) Fire regime reconstruction: Although previous palaeoecological studies 
in the Canary Islands have examined charcoal sequences, these 
studies have not employed robust or standardised statistical models. 
Implementing new statistical analyses could improve the identifi
cation of historical fires and the quantification of long-term natural 
variations, establishing their relationships with vegetation and 
climate dynamics (Conedera et al., 2009).

3) Pre-human lowland vegetation dynamics: The dynamics and composi
tion of past vegetation in the lowlands of the Canary Islands remain 
poorly understood, as previous palaeoecological studies have been 
on midland and highland areas. This is due to the inherent challenges 
of working on drier conditions prevailing at low elevations (Brunelle 
et al., 2018), as well as the alteration of potential sites due to modern 
intensification of human activities on coastal areas.

In this paper, we address these knowledge gaps by assessing the 
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interaction between fire frequency, vegetation, and climate changes. We 
focus on a 28,000-year record from a lowland area (226 m a.s.l., above 
sea level) in Gran Canaria, marking it as the first terrestrial late Pleis
tocene palaeoecological record from the Canary Islands. Using a multi
proxy approach, including charcoal, pollen and non-pollen 
palynomorph (NPP) analysis, sedimentology, and pollen climate 
modelling, complemented by an organic geochemical proxy based on 

bacterial membrane lipids (branched glycerol dialkyl glycerol tet
raethers, brGDGTs) for temperature reconstructions, we examine the 
role of regional climate changes on the fire regimes and ecology of a 
lowland valley. By studying environmental changes with rigorous sta
tistical methods, we develop a more robust understanding of how eco
systems adapted to past climate changes. Finally, this research provides 
the first approximation to long-term natural (pre-human) fire regimes, 

Fig. 1. Map of the study area. A. General view of Macaronesia, based on Natural Earth public domain map dataset. Black arrows represent trade winds; grey arrows 
represent Harmattan winds; and white arrows represent the Saharan Air Layer. B. General view of the Canary Archipelago, adapted from a topographic map 
(GRAFCAN, 2004). Topographic map of the island of Gran Canaria, based on GRAFCAN (2004). C. Location of the sedimentary records of Gran Canaria, marked as 
blue dots, over the potential vegetation map, plotted from the Canary Islands vegetation map (del Arco et al., 2006): CAL (La Calderilla), VAL (Laguna de Valleseco), 
ARE (Vega de Arucas), and the archaeological record of La Cerera (CER). D. Main vegetation types in Gran Canaria with minimum elevational range N (North); S 
(South); D (dry laurel forest), H (humid laurel forest). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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helping to inform the debate on prescribed burning and fire suppression 
in forest management (Arévalo et al., 2001; Garzón-Machado et al., 
2012; Arévalo and Naranjo-Cigala, 2018; Arévalo et al., 2023). This 
approach is crucial for forecasting future ecological responses in the 
context of ongoing climate change and anthropogenic impacts.

2. Material and methods

2.1. Study area

2.1.1. Gran Canaria
The Canarian archipelago comprises seven main islands that cover 

an area of 7447 km2. It is located 95 km off the Saharan coast, 
approximately 27–29 ◦N latitude and 23–18 ◦W. Gran Canaria, the third 
largest and highest island in the archipelago, spans an area of 1560 km2. 
Its highest elevation is at Pico de las Nieves in the island center, reaching 
1950 m a.s.l. As a result of hotspot volcanism, Gran Canaria is charac
terised by rugged terrain with high volcanoes, steep cliffs, caves, deep 
gorges and ravines. Geologically, the island consists of the volcanically 
active "Neocanaria" in the northeast, rejuvenated in the Pliocene and 
Pleistocene, and the long-dormant "Paleocanaria" in the southwest, 
dominated by Miocene substrates (Schmincke and Sumita, 2012). Its 
climate is conditioned by the cold Oceanic Canary Current and the 
dominant northeastern trade winds (Fig. 1). While the Atlantic storms 
associated with autumn and winter bring rain to the islands and snow to 
the peaks of the highest mountains, the archipelago also experiences 
occasional dry winds from the Sahara (Marzol Jaén and Máyer Suárez, 
2012). Temperature and rainfall in the Canary Islands generate an 
altitudinal gradient where the influence of the NE trade winds forms a 
sea of clouds between 400–600 and 1200–1500 m a.s.l., and brings 
humidity to windward facades through horizontal rain. The vegetation 
is organised in distinct altitudinal belts: coastal Euphorbia scrub and 
shrublands, followed by mid-elevation thermophilous woodland, then 
laurel forests located at the windward slopes of the island, and finally 
Canary pine forest at higher elevation (Fig. 1) (del Arco and Rodríguez 
Delgado, 2018).

To facilitate discussion of past bioclimatic stages in the archipelago, 
we provide a brief description of the four main vegetation types, and 
their associated climatic variables based on del Arco Aguilar and 
Rodríguez Delgado (2018). 

1. Euphorbia scrub and shrublands are succulent communities typically 
found in the coastal regions of the islands, reaching coastal cliffs in 
the north and extending up to 800 m a.s.l. in the south. These areas, 
characterised by rocky and scarcely developed soils, endure an arid 
to semi-arid climate with minimal rainfall ranging between 50 and 
300 mm annually. The temperatures are high, with an annual 
average above 19 ◦C, and there is significant sun exposure. This 
environment supports various Euphorbia species, some of which are 
known as dendroid spurges (i.e. Euphorbia balsamifera), which 
dominates the “tabaibal dulce” (sweet spurge scrub), while others 
exhibit a candelabra-like form typical of cactiform spurges (i.e. 
Euphorbia canariensis), which dominates the “cardonal” (cardón 
scrub).

2. Thermophilous woodlands occur in the midlands of the island, up to 
500 m a.s.l. in the north and between 500 and 800 m a.s.l. in the east. 
The average annual temperature in these areas ranges from 15 to 19 
◦C, with rainfall between 250 and 400 mm. The vegetation consists 
of relatively open communities of Juniperus turbinata subsp. canar
iensis, Olea cerasiformis, Pistacia atlantica, and P. lentiscus. The 
structure of the woodland varies based on the dominant tree species: 
P. atlantica tends to populate valleys and foothills, whereas 
O. cerasiformis and J. turbinata subsp. canariensis are more adapted to 
drier conditions. The humid slopes and ravines also host a Phoenix 
canariensis palm community (Fernández-Palacios et al., 2024).

3. Humid laurel forests are found at an elevation between 800 and 1250 
m a.s.l. in the windward slopes, in areas with an average annual 
temperature between 13 and 18 ◦C and annual rainfall ranging from 
500 to 1200 mm. The presence of clouds plays a crucial role in their 
survival by maintaining the forest’s water balance and reducing 
evaporation, which is vital during the dry Mediterranean summers. 
The dominant tree species belong to the Lauraceae family, including 
Laurus novocanariensis, Persea indica, P. barbujana, and Ocotea foetens, 
along with representatives from other families such as Heberdenia 
excelsa (Primulaceae), Ilex perado subsp. platyphylla (Aquifoliaceae), 
Picconia excelsa (Oleaceae), and Visnea mocanera (Pentaphylacaceae) 
and among others. There is also a dry laurel forest, a thermophilic 
community that is drier and warmer than other types of laurel forest 
and forms under the fluctuating direct influence of the cloud bank, 
located between 500 and 800 m a.s.l. It includes drought-resistant 
species such as Persea barbujana, Picconia excelsa, and Visnea moca
nera, as well as Morella faya. Additionally, the “fayal-brezal” is a 
substitutional shrubland of the laurel forest, primarily expanded due 
to human disturbance, consisting mainly of Erica canariensis, Morella 
faya, and Ilex canariensis (Fernández-Palacios et al., 2017).

4. Canary pine forest thrives above the cloud belt in the north and just 
above the thermophilous woodland in the south. It is found at an 
elevation between 1250 and 1950 m a.s.l. in the north between 800 
and 1950 m a.s.l. in the south. However, these elevation limits can be 
exceeded because of the competitiveness of pine on salic substrates 
and recent lava flows. These areas have average annual temperatures 
ranging from 11 to 15 ◦C and receive approximately 450–600 mm of 
rainfall annually. Canary pine forest is characterised by the presence 
of Pinus canariensis, and a broad spectrum of conditions, from dry to 
humid.

2.1.2. Study site: Vega de Arucas
The Vega de Arucas, situated at an elevation of 226 m a.s.l. (Fig. 1), is 

a basin, 2 km in diameter, filled with sediment formed after the eruption 
of the Montaña de Arucas volcano 310,000 years ago (Lietz and 
Schmincke, 1975). The eruption blocked the original path of the Arucas 
and Travieso ravines, causing the accumulation of sediment in the basin. 
Once filled, the ravine created a new outlet towards Cardones village 
(Díaz Elías, 2014).

Although recent historical sources do not indicate the presence of 
permanent lakes in Gran Canaria, older historical evidence suggests the 
existence of some water bodies. Early records from the 16th century 
found in the "Libro de Memoria Antiguas" (page 93) and the "Libro 2◦ de 
Cuadrantes de Misas" (page 59) kept in the Parish Archive of San Juan 
Bautista de Arucas, contain several references to the "Laguna de Barreto" 
(Barreto Lake) (Caballero Mujica, 1974). Additionally, it has been 
hypothesised that multiple freshwater mires might have been present in 
this area during pre-conquest periods (Medina, 2004).

According to climatic records, this area currently receives annual 
rainfall of approximately 200 mm and has a mean annual temperature of 
20 ◦C (Agencia Estatal de Meteorología, 2024). The potential vegetation 
of the Vega de Arucas has been described as a hygrophilous Canary Is
land palm tree community (del Arco et al., 2006). To the coast, it 
transitions into Euphorbia canariensis scrub, and to the summit, it tran
sitions into a thermophilous woodland. Just a few kilometers further 
south, this thermophilous woodland gives way to a dry laurel forest (del 
Arco et al., 2006) (Fig. 1). The earliest evidence of human presence in 
the area comes from the La Cerera site, located approximately 1000 m 
from La Vega (Jiménez Medina, 1994). This site suggests an initial 
occupation around 1650 ± 40 cal a BP, or 1410 ± 30 cal a BP, with 
minimal anthropogenic impact. This was followed by a demographic 
expansion around the 7th century, likely associated with increased 
agricultural transformation of the landscape (Becerra Romero et al., 
2009). Since the 15th century, the fertile soils of Vega de Arucas have 
been used for agriculture, starting with sugarcane cultivation 
(15th–16th centuries), followed by cereals and legumes for 
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self-consumption, viticulture (17th–19th centuries), and finally banana 
farming (Díaz Fernández, 1989).

2.2. Sample collection

In July 2017, a 4.62 m sedimentary sequence was retrieved from 
Vega de Arucas (ARE) without hitting rock bottom. Universal Transverse 
Mercator coordinates: Zone 28, 448602, 3109702, Elevation: 226 m a.s. 
l. The first 50 cm of the sedimentary sequence, dating from 1570 cal a BP 
to the present, contained a mix of materials including fragments of tiles, 
stones and metal pieces and were discarded due to anthropogenic mix
ing from agricultural activities.

Currently, the area has abandoned crops and a sugarcane plantation 
for rum production. The samples were collected in 60 cm sections using 
an automatic drilling machine, preserved in PVC tubes, and the 6 cm tips 
at the drill head were stored in zip-lock bags at 4 ◦C in the cold room of 
the Instituto Universitario de Enfermedades Tropicales y Salud Pública 
de Canarias, University of La Laguna. Subsequently, the sediment sec
tions were opened for detailed sedimentological analysis and 
subsampling.

2.3. Radiocarbon dating

Radiocarbon dates from bulk sediment were obtained using Accel
erator Mass Spectrometry (AMS) in two different laboratories (Chrono 
Centre at Queen’s University Belfast and Beta Analytic) (Table 1). At
tempts to date small charcoal fragments, seeds and several levels of bulk 
sediment were unsuccessful (see Table S1 and Supplementary text 1).

2.4. Laboratory analyses

2.4.1. Pollen, spores and microcharcoal (<150 μm) analyses
The core was sub-sampled every 10 cm depth (a total of 37 samples) 

to analyse pollen and non-pollen palynomorphs (NPPs). The preparation 
of pollen, spores, and charcoal followed Bennett and Willis (2001)
protocol for fossil pollen analysis, including microfiltration to raise the 
concentration of microfossils per sample. To concentrate microfossils 
and make them visible and countable under a microscope, 1 cm3 of 
sediment had to be processed through several physical and chemical 
processes. This involved removing all other organic and inorganic 
materials.

A Lycopodium spore tablet of known concentration was added to each 
sample (batch 10922211, 17,197 spores per tablet) serving as a marker 
to estimate the microfossil concentration in a known volume of sedi
ment. The sediment was treated with sodium pyrophosphate to disag
gregate clays. Treated samples were sieved using 150 μm meshes to 
isolate the fraction containing microcharcoal fragments and other 
macrofossils. The finer fraction was separated by gravity using sodium 
polytungstate with a relative density of 1.9 g/cm3 and sieved through 
10 μm filters to remove silts and clays. The separated fraction underwent 
acetolysis with a mixture of sulfuric acid and acetic anhydride to remove 
polysaccharides. Finally, the sample was stained with aqueous safranin, 

dehydrated with isopropanol, and mounted in silicone oil. Pollen grains, 
fern spores and NPPs were counted at ×400 magnification, reaching a 
sum of 300 pollen grains in samples with abundant pollen grains, and a 
sum of >100 in samples with poor preservation and low pollen con
centration (with the exception of sample 320 cm, with 78 grains). We 
used the software Tilia (version 2.0.41) to plot the pollen diagram, and 
carried out stratigraphically constrained CONISS analysis (Grimm, 
1993). Microcharcoal particles (<150 μm) were counted in pollen slides 
until a total sum of 200 elements (microcharcoal and Lycopodium spores) 
was reached (Finsinger and Tinner, 2005).

2.4.2. Macrocharcoal quantification (>150 μm)
Macrocharcoal quantification was conducted at high-resolution, 

with continuous subsampling at 2 cm intervals, with each sample 
measuring 2 cm3 and resulting in a total of 203 samples. The volume of 
each sample was measured using volumetric displacement in distilled 
water. Due to the high clay content of the samples, a pre-treatment with 
sodium pyrophosphate at 70 ◦C for 10 min was first applied, although 
this did not improve disaggregation. Consequently, the samples were 
processed by sieving through a 150 μm mesh and further disaggregated 
with water. Subsequently, samples were thoroughly rinsed with distilled 
water to remove any remaining impurities. Macrocharcoal particles 
were identified and counted under a microscope. Based on these counts, 
macrocharcoal concentrations were calculated per unit volume of 
sediment.

2.4.3. Glycerol dialkyl glycerol tetraether (GDGT) analysis
For GDGT (glycerol dialkyl glycerol tetraether) analysis, samples 

were taken at variable resolutions: every 20 cm for the first 150 cm 
(covering the Holocene) and every 10 cm in deeper sections representing 
the deglaciation and the Last Glacial Maximum (LGM), totaling 28 
samples. The GDGT content was analysed at the Laboratory of Stable 
Isotope Analysis of the Institute of Environmental Science and Tech
nology at Universitat Autònoma de Barcelona (ICTA-UAB).

Initial viability checks were performed on five samples per sediment 
sequence to confirm the presence of GDGTs. Following confirmation, the 
remaining samples were analysed with higher resolution in sections 
representing the deglaciation and LGM due to their climatic variability. 
Between 1.5 and 2.9 g of dry, homogenised sediment were used for lipid 
extraction with dichloromethane:methanol (9:1 v:v) at 100 ◦C, 
employing ICTA-UAB’s pressurised liquid extraction technology (ASE- 
350 Dionex Thermo). Known quantities of internal standards were 
added before lipid extraction for GDGT quantification.

Organic extracts were separated into two fractions using column 
chromatography (silica gel columns): an apolar fraction containing 
compounds such as n-alkanes (hexane:dichloromethane 9:1 v:v), and a 
polar fraction (dichloromethane:methanol 1:1 v:v) containing GDGTs. 
The GDGT fraction was filtered through a 0.45 μm polytetrafluoro
ethylene filter and analysed using high-performance liquid chromatog
raphy (Agilent 1290 Infinity) coupled with atmospheric pressure 
chemical ionisation mass spectrometry (Agilent 6470 triple quadrupole 
mass spectrometer used in single quadrupole mode) following the 
method described in Hopmans et al. (2016). Individual GDGT com
pounds were identified based on their retention times and masses ([M +
H]+ ions with m/z 1302.3, 1300.3, 1298.3, 1296.3, and 1292.3 for 
isoprenoid GDGTs and [M + H]+ ions with m/z 1050.0, 1048.0, 1046.0, 
1036.0, 1034.0, 1032.0, 1022.0, 1020.0, and 1018.0 for branched 
GDGTs, brGDGTs) using the MassHunter software, with their peak areas 
compared to that of the internal standard ([M + H]+ ion with m/z 
1208.2) to determine GDGT concentrations in ng/g of sediment.

This protocol for GDGT analysis was validated in the frame of the 
latest inter-laboratory study (De Jonge et al., 2024a) which focused on 
brGDGTs. A single sediment sample from the continental slope off the 
Ebro River was analysed repeatedly to monitor instrumental drift. 
Multiple aliquots of a sediment sample from a lake in mainland Spain 
were processed and analysed independently to assess the repeatability of 

Table 1 
Radiocarbon-dated bulk sediment samples of the ARE record, Gran Canaria. 
Dates calibrated using the rcarbon package (Crema and Bevan, 2021) calibration 
curve IntCal20, RStudio program. See Table S1 for extended version.

Depth 
(cm)

Laboratory 
code

Radiocarbon age14C 
and error (years BP)

Calibrated age range (with 
median) years BP (95.4 %)

60 UBA_41360 2074 ± 23 2114 (2034) 1988
148 Beta_690055 10500 ± 40 12670 (12548) 12638
160 Beta_682196 9650 ± 30 11186 (11083) 11068
267 Beta_682197 10760 ± 30 12754 (12735) 12713
325 Beta_690051 11870 ± 40 13794 (13702) 13605
398 Beta_690056 21680 ± 90 26233 (25932) 26166
450 UBA_41362 23246 ± 163 27746 (27497) 27261
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the protocol.

2.4.4. Sedimentology (granulometry, XRF-LOI)
Granulometric analysis was conducted on 41 samples with an 

approximate resolution of 10 cm. We used a Malvern Mastersizer-Hydro 
located at the School of Geography and Environmental Science, Uni
versity of Southampton, selecting soil analysis settings for non-spherical 
particles. We adjusted obscuration and averaged 20-s measurements if 
the standard deviation was below 5 %. Results are expressed as median 
grain size, fractions (Dx10, Dx15, Dx90) and percentages of clay, silt, 
and sand.

For sediment elemental composition analysis, we conducted 160-s 
measurements on 41 bulk samples using a mounted hand-held X-Ray 
Fluorescence (XRF) device (Niton XL3T GOLDD). The semi-quantitative 
results are reported as detected elements in percentages and presented 
as ratios for palaeoenvironmental interpretation (Croudace and Roth
well, 2015).

To estimate the organic matter content of the same 41 sediment 
samples, we ashed the dried material from the same sample with an oven 
set at 550 ◦C for 4 h. After cooling, we calculated the weight loss on 
ignition (LOI) using a high precision balance by weighing the samples 
before and after (Heiri et al., 2001). All results were plotted using Tilia 
and Sigmaplot softwares.

2.5. Data analysis

2.5.1. Age-depth model and zonation
We developed a Bayesian age depth model with the seven successful 

bulk sediment radiocarbon dates (Table 1) using rbacon package, 
(RStudio version 1.1.456), dividing the record in 15 cm increments (29 
sections) to account for rapid sedimentation changes reflected in the 
middle section of the record (Blaauw and Christen, 2013). Radiocarbon 
ages were calibrated with the IntCal20 curve (Reimer et al., 2020). The 
results are presented as calibrated thousands of years Before Present (cal 
ka BP) (where "present" is defined as the year 1950 CE) (Fig. S1 and 
Supplementary text 1).

As lack of pollen preservation in a substantial part of the record limits 
the division in pollen zones (see discussion sections 4.3 and 4.4), we 
used the results of the age-depth model to divide the record into chro
nological zones (ARE-1 to ARE-6) for result description and discussion 
based on six Northern Hemisphere climatic periods: pre-LGM: pre-Last 
Glacial Maximum (30–26 cal ka BP), LGM: Last Glacial Maximum (c. 
26–14.5 cal ka BP), B/A: Bølling-Allerød (14.5–12.9 cal ka BP), YD: 
Younger Dryas (12.9–11.7 cal ka BP), AHP: African Humid Period 
(11.7–5 cal ka BP), M-LH: Middle and Late Holocene (5 cal ka BP 
–present).

2.5.2. Pollen-based climate model
Quantitative precipitation, temperature, and humidity records were 

obtained from pollen data using the CREST (Climate REconstruction 
SofTware) method as described by Chevalier et al. (2014). CREST uti
lises modern plant distributions and current climate data to define 
Probability Density Functions (PDFs), minimizing distortion from 
extreme values compared to conventional methods like Mutual Climate 
Range. This method also incorporates information from species abun
dance. Specific climatic envelopes for each taxon were determined using 
a custom database derived from Luque Söllheim et al. (2024) and Banco 
de Datos de Biodiversidad de Canarias (2024)to improve the resolution. 
From Luque Söllheim et al. (2024), climatic variables were extracted, 
while the species distribution data were obtained from the Banco de 
Datos de Biodiversidad de Canarias (2024). Climatic conditions for each 
taxon’s presence coordinates were extracted and used to apply the 
CREST method via the crestrpackage.

CREST employs a two-step process to define probabilistic links be
tween climate and pollen taxa. First, simple parametric PDFs are fitted 
for each plant species composing the pollen taxa, then averaged to 

estimate the collective response. Second, climate reconstructions are 
estimated by multiplying these PDFs with weights derived from 
observed abundances. To mitigate taphonomic biases and differential 
production rates among taxa, taxon percentages were normalised 
against the average observed percentages in the complete fossil 
sequence (Chevalier et al., 2014, 2020). The resulting posterior distri
bution from the multiplication of taxon PDFs provides the best estimate 
of climatic parameters and their uncertainties. It is important to note 
that such modelling assumptions carry important uncertainties and 
require further calibration and study. Given model uncertainties and 
limitations, we interpret the results cautiously alongside our other 
palaeoecological indicators.

2.5.3. CharAnalysis
Data analysis followed the methodological framework proposed by 

Higuera et al. (2010), utilizing a statistical peak detection method for 
reconstructing local fire histories from charcoal records in sediments. 
Model construction was executed using RStudio and the tapas package 
(Finsinger and Bonnici, 2022). The core exhibits sharp variations in 
sedimentation rates, which could potentially mask fire events (Higuera 
et al., 2010). To distinguish areas with good temporal resolution from 
those with very rapid sedimentation rates, the sequence was analysed in 
the following intervals, based on sedimentation rate changes: 1392–10, 
049 cal a BP, 10,912–13,535 cal a BP, 13,569–25,664 cal a BP, and 25, 
848–27,852 cal a BP.

The first step in the peak detection model involved interpolating 
charcoal concentrations at a constant temporal resolution to avoid bia
ses in sediment segments, forming a series (C). Due to variable sedi
mentation rates in the ARE sequence (15–167 years/cm), interpolation 
was divided into four zones based on sedimentation rates to balance 
resolution. Next, series C underwent detrending, modelling slow 
changes in the mean (background component, Cback) using curve- 
fitting algorithms. Three smoothing methods were compared: robust 
loess, robust lowess, and moving median. Robust lowess was selected for 
its precise fit. Cpeak values required a threshold to separate fire-related 
variability from independent variability. We applied a local threshold of 
0.95 using a Gaussian mixture model for precision, following Higuera’s 
(2009) recommendations. To eliminate statistically insignificant char
coal counts, we used a modified Poisson test, retaining only peaks with a 
probability ≤0.05 of arising from the same Poisson distribution as 
pre-peak charcoal counts. Return intervals were calculated as the 
average period between fires across the record and for specific intervals. 
Model validation employed the SNI (Signal to Noise Index) (Kelly et al., 
2011), ensuring SNI >3 to accurately distinguish fire events from noise. 
In summary, a robust lowess model with a local threshold of 0.95 was 
constructed, balancing peak detection and frequency estimation.

2.5.4. Bacterial brGDGT-based temperature reconstruction
Given the poor pollen preservation in an important part of the 

sequence, brGDGTs were used as an independent continental palae
othermometer (e.g., Schouten et al., 2013; Inglis et al., 2022; McCly
mont et al., 2023). Branched GDGTs are ubiquitous membrane-spanning 
lipids with diverse numbers (4–6) and positions (5′, 6′, or 7′) of methyl 
groups and up to two cyclopentane rings (Fig. S2; Schouten et al., 2000; 
Sinninghe Damsté et al., 2000; Weijers et al., 2006; De Jonge et al., 
2013, 2014; Ding et al., 2016). These membrane-spanning lipids are 
synthesised by heterotrophic bacteria (Weijers et al., 2006, 2009; Sin
ninghe Damsté et al., 2011, 2014, 2018; Chen et al., 2022; Halamka 
et al., 2023). Correlations of the Methylation of Branched Tetraethers 
index with temperature (Weijers et al., 2007; Peterse et al., 2012), 
notably after a restriction of this methylation index to brGDGTs with 
methyl groups at 5′ positions (MBT’5ME; De Jonge et al., 2014), enables 
the use of brGDGTs and their derived MBT’5ME index as temperature 
proxies in all environmental settings (e.g., Raberg et al., 2022). The 
correlations between MBT’5ME and temperature likely reflect the ability 
of brGDGT-producing bacteria to adjust their membrane composition in 
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response to environmental conditions (Naafs et al., 2021).
Temperature-calibrations based on MBT’5ME were established for 

soils (De Jonge et al., 2014; Naafs et al., 2017a; Dearing Crampton-Flood 
et al., 2020), peats (Naafs et al., 2017b; Dearing Crampton-Flood et al., 
2020), and lake sediments (Russell et al., 2018; Martínez-Sosa et al., 
2021). While soil and peat datasets may be grouped together for 
brGDGT–based calibrations (Dearing Crampton-Flood et al., 2020), lake 
sediments require distinct brGDGT–based calibrations (Martínez-Sosa 
et al., 2021). To assist the choice of an adequate brGDGT–based cali
bration for the ARE sequence, the Branched and Isoprenoid GDGT Ma
chine learning Classification (BIGMaC) algorithm (Martínez-Sosa et al., 
2023) was used to predict depositional environments from the GDGTs’ 
perspective. All ARE samples were classified as soil samples, except one 
sample at 27.5 cal ka BP (level 451 cm) and two samples at c. 12.8 cal ka 
BP (levels 275 and 270 cm) which were classified as lake samples. 
However, the BIGMaC algorithm disregards contextual information 
from GDGT-independent proxies. Indeed, GDGT-independent records 
suggest seasonal ponds rather than permanent lakes (see sections 2.1.2 
and 4.1) and lack of planktic diatoms, in agreement with the ARE sample 
classifications as soil samples but not those as lake samples. Further
more, brGDGT distributions in ARE samples differ from those in most 
globally distributed surface soils and peats (n = 1885; Raberg et al., 
2022; Häggi et al., 2023), notably in terms of brGDGT cyclisation de
grees (Fig. S3). This discrepancy suggests that the training and testing 
datasets for the BIGMaC algorithm do not consider the peculiar brGDGT 
distributions in the ARE samples, and possibly the rest of the Canary 
Islands as well. Accordingly, a brGDGT–based calibration established for 
soils should be employed for this study, including for the ARE samples 
classified as lake samples by the BIGMaC algorithm.

Due to the absence of regional brGDGT–based calibrations for the 
Canary Islands, the following global soil calibration was employed: 
Mean annual air temperature = 40.01 × MBT′ 5ME − 15.25 (n = 350, R2 

= 0.60, root mean square error = 5.3 ◦C; Naafs et al., 2017a). Despite 
inherent uncertainties of approximately 5 ◦C for temperature (1σ) at the 
global scale (De Jonge et al., 2014; Naafs et al., 2017a), the selected 
global calibration was deemed suitable for the study, as the most recent 
brGDGT-based temperatures agree with the modern mean annual tem
perature of 20 ◦C within uncertainties (see Supplementary text 2 for 
further details on calibration selection, and Fig. S2–S4). Using the 
selected global calibration, both instrumental and analytical un
certainties translate to a 0.5 ◦C (1σ) uncertainty, which is similar to the 
inter-laboratory dispersion (offsets of 0.3–0.9 ◦C from the median; De 
Jonge et al., 2024a).

Instrumental and analytical uncertainties reflect the precision of 
brGDGT analyses, whereas calibration uncertainties reflect the disper
sion of temperature calibrations attributable to seasonal and non- 
thermal biases in brGDGT-based temperatures (see sections 4.1 and 
4.3 for a few examples). Given that such biases show a spatial variability 
which is partly due to contrasting environmental conditions (De Jonge 
et al., 2014; Naafs et al., 2017a; Dearing Crampton-Flood et al., 2020; 
and references therein), the cumulative effect of all biases at the global 
scale may not apply to the ARE sedimentary sequence and other sites in 
the Canary Islands. The global calibration error should thus be treated as 
an upper-bound of the dispersion that would be observed by con
structing a local calibration through comparison of instrumental tem
perature and proxy variations over an extended period at a specific site 
(Davtian et al., 2019), whatever the environmental context. This caveat 
implies that even downcore changes in proxy-based temperatures 
smaller than their calibration uncertainty may hold palaeoclimatic and 
palaeoenvironmental significance, especially if these downcore changes 
agree with expected trends based on independent temperature records 
and/or temperature records from other sites subject to similar condi
tions. To assess the significance of downcore brGDGT-based temperature 
changes, analytical uncertainties rather than calibration uncertainties 
are used, as per Davtian et al. (2019).

3. Results

The age-depth model results indicate that the record spans between 
c. 27,530 cal a BP (level 250 cm) and c. 1390 cal a BP (level 50 cm), with 
an average resolution of 65 yr/cm, but showing stark changes in sedi
mentation rate (see result subsections). The Bacon model path overlaps 
all radiocarbon dates except for Beta_690055 (level 149 cm), likely an 
inversion due to old carbon redeposition (see Supplementary text 1 for 
additional age-depth model discussion). To provide an overview of the 
results based on the analysis of multiple indicators studied, the pre
sentation and discussion of the results have been structured into sections 
that cover the six Northern Hemisphere climatic periods represented by 
the ARE sedimentary sequence.

3.1. Pre-Last Glacial Maximum (pre-LGM): zone ARE-1 (27.5–26 cal ka 
BP, 450–400 cm)

The pre-LGM period is represented by the 450–400 cm section of the 
ARE record (27.5–26 cal ka BP). The Bacon age-depth model indicated 
that the sedimentation rate in this section is 32 yr/cm on average. With a 
median particle size of 6.5 μm, granulometric data show a high silt 
content of up to 84 %, and low organic content (lowest of the record at 
2.6 % in level 430 cm, 26.9 cal ka BP). Geochemical analysis (XRF) 
shows stable K (Potassium) concentrations at 0.9 %, stable Ti (Titanium) 
concentrations at 1.7 %, and stable Ca (Calcium) concentrations with a 
peak of 1.1 % at 410 cm (26.3 cal ka BP) (Fig. 2).

Between 450 and 440 cm (27.5–27 cal ka BP), Morella faya exhibits a 
high pollen abundance, peaking at 86 % and progressively declining to 
an average of 5.8 % between 430 and 400 cm (26.9–26 cal ka BP). Pteris 
fern spores also exhibit a sharp decline; they made up 51 % of the total 
pollen between 450 and 440 cm (27.5–27 cal ka BP), but only 11.4 % 
between 430 and 400 cm (26.9–26 cal ka BP), and zygospores of 
Spirogyra are present. The percentage of Pinus canariensis pollen in
creases from 6 % to 13 % between 450 and 440 cm (27.5–27 cal ka BP) 
to an average of 39 % between 430 and 400 cm (26.9–26 cal ka BP). 
Between 450 and 440 cm (27.5–27 cal ka BP), Cyperaceae pollen in
creases from 11.2 % to 47 % at its peak. The maximum concentration of 
Pteris spores is recorded at 440 cm (27 cal ka BP) with 68,000 spores/ 
cm3 (Fig. 3).

Macrocharcoal analysis showed variations, with lower concentra
tions (85 particles/cm3) between 420 and 400 cm, peaks exceeding 1000 
particles/cm3 between 440 and 420 cm (27–26.6 cal ka BP), and low 
abundance between 460 and 440 cm (27.8–27 cal ka BP). Microcharcoal 
concentrations are very low between 450 and 430 cm, averaging 136 
particles/cm3, and rise to an average of 8000 particles/cm3 between 420 
and 400 cm. CharAnalysis identifies two fire events, with a return in
terval of 380 years, the first at 27 and 26.7 cal ka BP (Fig. 4). Air tem
perature estimates based on branched GDGTs (brGDGTs) increase from 
8.2 to 14.8 ◦C. According to the pollen-based climate model, these were 
the highest levels of humidity and precipitation on record (reaching up 
to 75 % and 756 mm respectively), with temperatures hovering around 
14 ◦C and dropping to 13.1 ◦C at the end of the period (Fig. 5).

3.2. Last Glacial Maximum (LGM): zone ARE-2 (26–14.5 cal ka BP, 
400–337 cm)

The sedimentation rate in the Arucas basin in this period (c. 26–14.5 
cal ka BP) is on average 180 years/cm showing an increasing trend 
(progressively slower sedimentation). With a median particle size of 5.6 
μm, the percentage of silt is stable at 78 %. At 380 cm (c. 23 cal ka BP), 
the Ca concentration stays constant at 14.4 %. Ti content is stable at 2 %, 
with an average XRF value of 13 % at 360 cm (c. 20 cal ka BP). Con
centrations of sand remain stable, and between 390 and 340 cm, K 
concentration drops to 0.6 %, and at level 340 cm, rises to 1 %, and the 
ratio K/Ti shows increased values. Al (Aluminium) content rises be
tween 390 and 350 cm (c. 25–17.9 cal ka BP) (Fig. 2).
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Pollen preservation remains sufficient for pollen identification, but 
concentrations are lower than in the previous section (average 7414 
pollen/cm3). Pinus canariensis pollen is dominant, averaging 62 % and 
peaking at 89 % at 360 cm (c. 19.5 cal ka BP), while Morella faya remains 
low. Proportions of pollen from Erica are stable at 1 % and peak at 8 % at 
370 cm (c. 22 cal ka BP). Cyperaceae pollen averages 25 % between 390 
and 370 cm (c. 25–22 cal ka BP), decreasing to 4.5 % between 360 and 
340 cm (20–15.5 cal ka BP). At 9.2 % on average, Asteraceae pollen 
proportions are stable. Pteris spores peak at 52 % at 390 cm, with an 
average of 14 %. Zygospores of Spirogyra are more prevalent (3 %), 
falling to 0.8 % between 360 and 330 cm (c. 20–15.5 cal ka BP). Spores 
of Polypodiaceae ferns increased, on average, by 4.1 % in comparison to 
the previous zone (Fig. 3).

Macrocharcoal concentrations vary from approximately 80 parti
cles/cm3 at 400–342 cm (c. 26–16 cal ka BP). Averaging less than 5000 
particles/cm3, microcharcoal concentration is low, except peaks at 350 
cm (c. 17.9 cal ka BP). Despite achieving SNI >3, the CharAnalysis 
model designed for 320–394 cm yielded no positive fire detections, 
likely due to abruptly changing sedimentation rates (Fig. 4). Branched 
GDGTs yield temperature estimates of around 14 ◦C. According to the 
pollen climate model, relative humidity ranges from 50 % to 70 %, 
precipitation ranges from 487 to 622 mm, and average temperatures fall 
between 13.5 and 14.6 ◦C (Fig. 5).

3.3. Bølling-Allerød (B/A): zone ARE-3 (14.5–12.9 cal ka BP, 336–277 
cm)

The sedimentation rate speeds up, reaching an average of 30 years/ 

cm in the B/A period (14.5–12.9 cal ka BP). The concentration of clay 
varies; it reaches 7 % between 320 and 310 cm and rises noticeably to 
24 % between 300 and 277 cm (14–12.9 cal ka BP). The XRF 
geochemical data exhibit stable values, except for Ti (%) and Fe (Iron) 
(%) increases at the start of the zone (Fig. 2).

Pinus canariensis pollen proportions show decreasing trend during 
this period, from dominant (62 %) between 330 and 290 cm, to 
declining to 10.7 % by level 280 cm (13 cal ka BP), while Asteraceae 
shows stark increases after this level (up to 35 %). The pollen content of 
Juniperus increases, reaching 2.4 % at 310 cm (13.5 cal ka BP) and 7.4 % 
at 280 cm (13 cal ka BP). Only at 320 cm (13.6 cal ka BP) are Spirogyra 
zygospores present. Pteris spores increase to 28 % between 320 and 300 
cm (13.6–13.3 cal ka BP), then fall to 8.5 % between 290 and 280 cm (c. 
13 cal ka BP). Polypodiaceae fern spores peak at 9 % at level 320 cm 
(13.6 cal ka BP). Spores of monolete ferns show a peak at 310 cm (13.5 
cal ka BP) (Fig. 3).

The record’s highest concentration of macrocharcoal particles (617 
particles/cm3) is found at the beginning of this period: between 330 and 
324 cm (14–13.7 cal ka BP), macrocharcoal concentration values are 
>300 particles/cm3. Then microcharcoal particles decrease until level 
296 cm (13.2 cal ka BP, 73 particles/cm3 on average) and finally in
crease (average 161 particles/cm3) until the end of the zone. Micro
charcoal exhibits high values between 320 and 310 cm (13.5–13.4 cal ka 
BP), peaking at 280 cm (25,000 particles/cm3). A total of three fire 
events are found (13.2, 13 and12.9 cal ka BP), and return intervals are 
164 and 82 years (Fig. 4).

Branched GDGT-based temperatures fluctuate, with a maximum of 
16.7 ◦C at 300 and 280 cm (13.2–13 cal ka BP), and a minimum of 11.8 

Fig. 2. Selected sedimentological data of the Vega de Arucas sedimentary sequence (ARE) in Gran Canaria, with depth (cm), and summary of Bayesian age-depth 
model. Periods in the right margin: Pre–LGM: pre-Last Glacial Maximum (30–26 cal ka BP), LGM: Last Glacial Maximum (c. 26–14.5 cal ka BP), B/A: Bølling-Allerød 
(14.5–12.9 cal ka BP), YD: Younger Dryas (12.9–11.7 cal ka BP), AHP: Early Holocene/African Humid Period (11.7–5 cal ka BP), M-LH: Middle and Late Holocene (5 
cal ka BP–present).
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◦C at 270 cm (12.8 cal ka BP). The pollen climate model suggests 
increasing temperatures between 13.0 and 17.7 ◦C, with decreasing 
precipitation (down to 302 mm by 12.9 cal ka BP), and relative humidity 
values between 50 % and 60 % (Fig. 5).

3.4. Younger Dryas (YD): zone ARE-4 (12.9–11.7 cal ka BP, 277–203 
cm)

The sedimentation rate in zone ARE-4 (YD, 12.9–11.7 cal ka BP) is c. 
16 years/cm. Sand peaks with a median particle size of 7 μm are found at 

Fig. 3. Diagram of microfossils (charcoal, diatoms, selected pollen arranged by vegetation type, and ferns and fungal spores) of the sedimentary sequence of Vega de 
Arucas (ARE) in Gran Canaria. The black crosses indicate presence of pollen in samples <1 %. The results are presented in relation to age (cal a BP). Pre–LGM:pre-Last 
Glacial Maximum (30–26 cal ka BP), LGM: Last Glacial Maximum (c. 26–14.5 cal ka BP), B/A: Bølling-Allerød (14.5–12.9 cal ka BP), YD: Younger Dryas (12.9–11.7 
cal ka BP), AHP: Early Holocene/African Humid Period (11.7–5 cal ka BP), M-LH: Middle and Late Holocene (5 cal ka BP–present).
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depths of 260 cm (12.6 cal ka BP), 220 cm (12 cal ka BP), and 210 cm 
(11.8 cal ka BP). Fe proportions show an increase, ranging from 7 % to 
9.5 % and reaching a peak of 16.5 % at 210 cm (11.8 cal ka BP), and Ti 
proportions rise overall from 1.9 % to 2.4 %. Ca content increases from 
0.4 % to 0.8 % with a maximum of 0.7 % at 212 cm. K and Al pro
portions, on the other hand, show a declining trend (Fig. 2).

Pollen from Pinus canariensis drops from 30 % at 260 cm (12.6 cal ka 
BP) to 3 % at 240 (12.3 cal ka BP). While other species remain stable, 
Juniperus pollen exhibits notable peaks of 9 % at 260 cm (12.6 cal ka BP) 
and 11 % at 230 cm (12.1 cal ka BP). The proportion of Asteraceae 
pollen is 37 % on average, with Portulaca showing an increase from 13 % 
to 36 %. At present, Portulaca canariensis is the only native species of this 
genus, making it the most likely candidate. Pollen of the Amaranthaceae 
family reaches its peak at 29 % at 240 cm (12.3 cal ka BP). Pteris spores 
peak at 67 % in level 230 cm (12.1 cal ka BP), where Periploca pollen is 
present. No Spirogyra zygospores are found in this zone (Fig. 3).

The average value of macrocharcoal concentrations in the 264–236 
cm (12.7–12.3 cal ka BP) section is approximately 148 particles/cm3, 
which decreases in the 234–220 cm section (12.3–12 cal ka BP) before 
increasing to an average of 145 particles/cm3 until 11.7 cal ka BP. The 
microcharcoal curve exhibits mean concentrations of 11,000 particles/ 

cm3 between 260 and 230 cm (12.6–12.1 cal ka BP), reaching values of 
up to 96,000 particles/cm3 at 220 and 210 cm (11.9–11.8 cal ka BP). 
According to the CharAnalysis, there were three fires (12.4, 12, and 
11.8 cal ka BP), with 533, 410, and 164-year return intervals, respec
tively (Fig. 4).

Temperature estimates derived from brGDGTs oscillate between 9 
and 17.2 ◦C. Average temperatures according to the pollen climate 
model are also between 13.8 and 16.8 ◦C, with a relative humidity of 
roughly 60 %, and some of the lowest precipitation values of the record 
(down to 270 mm c. 12 cal ka BP) (Fig. 5).

3.5. Early Holocene/African Humid Period (AHP): zone ARE-5 (11.7–5 
cal ka BP, 202–92 cm)

The sedimentation rate is c. 60 years/cm in this period, showing a 
trend towards slower sedimentation (c. 11.7–5 cal ka BP). Granulometry 
shows stable proportions of clays c. 20 %, and sand increases, with an 
average particle size of 7.4 μm and peaks of about 7 % between 170 and 
150 cm (c. 11.2–10.1 cal ka BP). Fe content oscillates c. 9 %, and the 
percentage of organic matter stays at 14.7 % on average. The amount of 
Ca shows peaks of 1.4 % at 180 cm (c. 11.3 cal ka BP) 170 cm (11.2 cal 
ka BP), and above 4 % at 120 cm (c. 7.4 cal ka BP) and 100 cm (5.6 cal ka 
BP) (Fig. 2). The concentration of Ti shows an upward trend, rising from 
2.3 % to 2.9 %, and K values stay low, averaging 0.8 %. This is reflected 
on higher values in the K/Ti ratio at the end of the zone, Al concentra
tions are consistent, oscillating c. 4.2 % (Fig. 2).

Pollen from Erica and Morella faya is scarce, and Pinus canariensis is 
rare in any of the samples between 200 and 170 cm (11.7–11.2 cal ka 
BP), but Asteraceae (tubuliflorae and liguliflorae types) pollen is abun
dant with an average of 45 %. Pollen from Juniperus and Phoenix is 
present, and the proportions of Portulaca pollen decrease down to 4 %. 
The pollen of Amaranthaceae shows a notable peak of 59 % at 190 cm (c. 
11.5 cal ka BP) and then falls to 2 % at 170 cm (c. 11.2 cal ka BP), when 
Periploca pollen is present. Pteris fern spores increase up to 63 % at 170 
cm (c. 11.2 cal ka BP). Coniochaeta fungal spores are detected, ac
counting for 64 % over the total pollen, at 190 cm (11.5 cal ka BP) 
(Fig. 3). From 170 cm onwards the pollen record is the pollen is so 
deteriorated that the analysis is restricted to recording the presence of 
degraded Amaranthaceae and Asteraceae pollen grains. The spores of 
Pteris fern are also found in small quantities, less than 7000 spores/cm3 

in all samples.
The macrocharcoal concentration exhibits a decreasing trend with an 

average of 186 particles/cm3 between 202 and 184 cm (c. 11.7–11.4 cal 
ka BP), and lower values averaging 63 particles/cm3 between 184 and 
138 cm (c. 11.4–9 cal ka BP). Four fires are found by CharAnalysis (c. 
11.6, 11.4, 6.8, 5.1 cal ka BP) (Fig. 4). The microcharcoal values in the 
rest of the zone vary below 40,000 particles/cm3, with a peak concen
tration of 96,000 particles/cm3 observed at 170 cm (11.2 cal ka BP).

The average temperature estimated from brGDGTs is 15.7 ◦C. The 
pollen climate model infers temperatures between 14.9 and 18.0 ◦C, 
relative humidity above 60 %, and precipitation between 298 and 361 
mm between c. 11.7–11.2 cal ka BP (Fig. 5).

3.6. Middle and Late Holocene (M-LH): zone ARE-6 (5–1.2 cal ka BP, 
92–50 cm)

A sedimentation rate of 90 years/cm is estimated based on the age- 
depth model in zone ARE–6 (M-LH, c. 5–1.2 cal ka BP). Sand-sized 
particles show an average of 7 % in this zone, and the median particle 
size is 6.7 μm. A relatively stable organic matter content is recorded, 
with an average of 8.5 %. Elements like Ti have an increasing trend in 
percentage, reaching 2.8 %, and Fe maintains high concentrations, 
averaging 9.6 %. Ca and Al proportions are stable, with average values 
of 2.3 % and 4.5 %, respectively, whereas K proportion shows a decrease 
to c. 0.8 % (Fig. 2).

Asteraceae types make up a large percentage of the only sample 

Fig. 4. Diagram of macro- and microcharcoal in the sedimentary sequence of 
Vega de Arucas (ARE) in Gran Canaria. The red crosses on the charcoal curve 
indicate fire events identified with CharAnalysis and the grey dashed line in
dicates the SNI (Signal to Noise Index). The results are presented in relation to 
age (cal a BP). pre-LGM:pre-Last Glacial Maximum (30–26 cal ka BP), LGM: Last 
Glacial Maximum (c. 26–14.5 cal ka BP), B/A: Bølling-Allerød (14.5–12.9 cal ka 
BP), YD: Younger Dryas (12.9–11.7 cal ka BP), AHP: Early Holocene/African 
Humid Period (11.7–5 cal ka BP), M-LH: Middle and Late Holocene (5 cal ka 
BP–present). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.)
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showing pollen preservation (64 %), at 50 cm (Fig. 3). Juniperus, Phoenix 
canariensis, and Pinus canariensis are also scarcely present. Furthermore, 
many spores of the mycorrhizal fungi Glomus type are found. In general, 
macroscopic charcoal values are low (less than 100 particles/cm3), 
peaking between 82 and 80 cm (c. 3.5 cal ka BP), with 208 particles/ 
cm3. One fire event is detected c. 3.1 cal ka BP (Fig. 4).

Three samples allow for the calculation of temperature estimations 
through brGDGTs, with the first one at 19.2 ◦C, similar to the previous 
period, while the last two exhibit values of 16.1–16.2 ◦C. The average 
temperature, relative humidity, and amount of rainfall for the upper 
pollen sample are 16.1 ◦C, 65.44% and 327 mm respectively (Fig. 5).

4. Discussion

4.1. Pre-Last Glacial Maximum (pre-LGM, 28–26 cal ka BP)

Pollen data indicates that pre-LGM vegetation in the Vega de Arucas 
was dominated by laurel forest species. In addition, the presence of in
dicator species such as Morella and low fire activity (Fig. 3, Fig. 4) are 
noteworthy, as they imply that, by contrast to the present, laurel forest 
would have developed at substantially lower elevations, around 200 m 
below its predicted potential lower limit and 400 m below its current 
distribution during this time (del Arco et al., 2006). Based on the fidelity 
(matching occurrences of pollen and parent plants) and dispersibility 
(pollen presence without corresponding plant presence) values 
measured in modern pollen rain, Morella faya pollen is considered a 
reliable indicator of the nearby presence of its parent trees (de Nasci
mento et al., 2015). However, at the regional (island) scale, its pollen 
can be dispersed into adjacent communities, and transport is common, 
from the laurel forest upward to the pine forest and further to the 
summit scrub, while downward transport is less evident. Pinus pollen is 
also a good indicator of local presence, as it is well represented in pine 
forest stands. Although some pollen transport occurs, the contribution of 

non-locally sourced pollen types is generally low. Currently, Morella 
pollen percentages in the laurel forest range between 10 % and 69 %, 
compared to 0–29 % in pine forests and 1–26 % in thermophilous 
woodlands (de Nascimento et al., 2015). Notably, during the pre-LGM, 
Morella pollen reached up to 86 % in the fossil record, exceeding 
present-day levels in laurel forests. This suggests a strong local presence 
and dominance of the species at that time. By contrast, the pollen per
centages for other indicators such as Pinus (6–13 % during the pre-LGM 
vs. 20–86 % today) and Juniperus (0.3 % vs. 1–25 % today) do not match 
the levels expected from their modern vegetation communities (de 
Nascimento et al., 2015), further suggesting that their pollen was likely 
transported from more distant upper or lower vegetation belts during 
that period. At the end of the zone (c. 27 cal ka BP) a transition to pine 
forest occurs, and fire activity increases. This suggests that either climate 
change, marine transgressions or both have caused altitudinal re
distributions of ecosystems during this period.

The Mediterranean climate with its consubstantial seasonality 
developed approximately 3 million years ago, at the onset of the Pleis
tocene glaciations (Suc, 1984), and the summer dry season has since 
presented the most relevant constraint on Canary Island vegetation. In 
the case of laurel forests, which are cloud forests relying on constant 
moisture supply (Fernández-Palacios et al., 2017), the presence of sea 
clouds during the summer—currently sustained by trade wind-driven 
cloud cover—is the sole factor enabling them to endure the dryness. 
Currently, laurel forest in the Canary Islands (where the laurel forest 
pollen signal predominates; de Nascimento et al., 2015) develops be
tween 600 and 1200 m a.s.l. in areas with average annual precipitation 
between 500 and 1200 mm and an annual average temperature range of 
roughly 13–18 ◦C (del Arco and Rodríguez Delgado, 2018). According to 
the pollen climate model, the establishment of a laurel forest at a lower 
elevation, such as in the Vega de Arucas corresponds to a 4 ◦C decrease 
in relation to current temperatures. By contrast, temperatures inferred 
from brGDGTs, ranging from 8.2 to 11.5 ◦C during laurel forest species 

Fig. 5. Plot of temperature reconstruction from brGDGT (branched glycerol dialkyl glycerol tetraether) distribution with analytical SD error, and temperature, 
relative humidity, and precipitation reconstruction from the pollen climate model of the Vega de Arucas sedimentary sequence (ARE) in Gran Canaria. Error 0.5(%). 
The results are presented in relation to age (cal a BP). pre-LGM: pre-Last Glacial Maximum (30–26 cal ka BP), LGM: Last Glacial Maximum (c. 26–14.5 cal ka BP), B/ 
A: Bølling-Allerød (14.5–12.9 cal ka BP), YD: Younger Dryas (12.9–11.7 cal ka BP), AHP: Early Holocene/African Humid Period (11.7–5 cal ka BP), M-LH: Middle and 
Late Holocene (5 cal ka BP–present).
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dominance with little fire activity, are lower than those estimated for the 
LGM (13–14 ◦C), when global cooling averaged − 6.1 ◦C (Tierney et al., 
2020), and are similar to temperatures inferred from pollen only during 
the transition to pine forest with accompanying fire activity. However, 
the brGDGT signal is not only temperature-dependent, as it can also be 
affected by other variables such as nearby vegetation and waterlogging 
(e.g., Menges et al., 2014; Dang et al., 2016; Davtian et al., 2016; Liang 
et al., 2019; Duan et al., 2022; De Jonge et al., 2024b). These other 
variables, which are mostly non thermal factors, contribute to the global 
brGDGT–based calibration uncertainties of roughly 4–5 ◦C (De Jonge 
et al., 2014; Naafs et al., 2017a; Dearing Crampton-Flood et al., 2020). 
Thus, the pre-LGM in Vega de Arucas experienced possibly colder cli
mates as well as wetter summers (maybe along with a lower sea of 
clouds) or more precipitation than in current times, that allow the 
presence of seasonal ponds (as evidenced by zygospores of Spirogyra) 
and the occurrence of a laurel forest at lower elevations.

Such pollen-inferred pre-LGM precipitation and vegetation condi
tions may partly explain the relatively low pre-LGM brGDGT-based 
temperatures, as brGDGTs directly record soil rather than air tempera
tures (e.g., Wang et al., 2016, 2020; Pérez-Angel et al., 2020), which 
may yield systematic biases due to soil-air temperature offsets (e.g., 
Smerdon et al., 2004; Lembrechts et al., 2022; Molnar, 2022). As evi
denced by seasonal ponds, increased precipitation likely resulted in 
moister soils with increased heat capacity compared with drier soils, 
which yields lower soil-air temperature offsets and thus possibly lower 
brGDGT-based temperatures despite constant or increasing air temper
ature (e.g., Guo et al., 2024, 2025). Alternatively, increased precipita
tion and resulting seasonal ponds yielded a soil moisture effect on 
brGDGTs for other reasons than changes in soil heat capacity, as the soil 
moisture effect on brGDGTs may occur next to or within a water body 
even in case of unchanged precipitation (Dang et al., 2016). Changes in 
vegetation cover and type may also affect brGDGT-based temperature 
reconstructions, for instance via shading—which reduces soil-air off
sets—and vegetation-related changes in soil properties and 
brGDGT-producing bacterial communities (e.g., Davtian et al., 2016; 
Liang et al., 2019, 2023; Lu et al., 2019). Indeed, brGDGT distributions 
during laurel forest predominance show the most peculiar patterns in 
terms of cyclisation degrees compared with global surface soils and 
peats (Fig. S3b).

Because of their anemophilous or mixed pollination mode, Morella 
and Erica are usually overrepresented in laurel forest pollen records over 
other entomophilous species that are dominant (e.g., Lauraceae trees) 
(de Nascimento et al., 2015). Both are pioneer trees which are highly 
abundant in secondary succession stages, however, Erica is more abun
dant at early succession stages while Morella persists within mature 
forests (Fernández-Palacios et al., 2017). The low representation of 
Erica, a heliophilous taxon, strongly indicates a closed forest environ
ment (de Nascimento et al., 2015; del Arco and Rodríguez Delgado, 
2018). Additionally, the occurrence of Pteris, with Pteris incompleta being 
the only native Pteris species in the Canary Islands, supports the idea of a 
humid laurel forest, as it is currently rare and stands near watercourses 
(Bañares et al., 2004). It is possible that, rather than an extreme shift 
toward a humid laurel forest, a dry, thermophilic variant of the laurel 
forest may have developed instead. However, because most tree species 
in the laurel forest are entomophilous and thus, underrepresented in 
pollen records, differential pollen preservation prevents us from 
knowing the exact type of laurel forest that developed in this region (see 
de Nascimento et al., 2015). Either way, the existence of laurel forest, in 
any form, suggests that water was available during the dry season, 
outcompeting the thermophilous woodlands that currently typically 
grow at these elevations.

During the pre-LGM, changes in vegetation patterns are closely 
linked to fluctuations in fire frequency and intensity. Only one fire event 
is found in the ARE record when the laurel forest pollen signal pre
dominates. The transition to a drier pine forest with more biomass, as 
indicated by higher Pinus pollen and lower Morella, resulted in an 

increase in fire frequency. This evidence suggests that the laurel forest 
existing prior to the LGM experienced infrequent natural fires, like those 
observed in the fossil record from the La Gomera millennia ago (Nogué 
et al., 2013).

4.2. Last Glacial Maximum (LGM, 26–14.5 cal ka BP)

During this period the record has a low resolution due to a stark 
decrease in sedimentation rate (180 yr/cm). The pollen data suggest that 
between c. 27–25 cal ka BP, the laurel forest in Arucas was replaced by a 
pine forest. Currently, the Canary Island pine forest grows between 1200 
and 2000 m a.s.l., on windward slopes, and between 800 and 2200 m a.s. 
l., on leeward slopes, with average annual temperatures of 11–15 ◦C, 
and highly variable annual rainfall between 400 and 1000 mm (del Arco 
and Rodríguez Delgado, 2018). This suggests that cooler temperatures 
than those experienced today would have increased the pine forest 
community’s competitiveness in comparison to thermophilous wood
lands or laurel forests. Moreover, at present, Morella is usually found in 
the understory of pine forests with sufficient moisture, but it is absent in 
drier pine environments (Salas et al., 1998). Therefore, the decline in 
Morella suggests that this community was probably analogous to a cur
rent dry pine forest.

The Last Glacial Maximum (LGM) is central to most hypotheses 
around the past climate of the Canary Islands. According to global es
timates, temperatures would have been 6 ◦C lower than they are now, 
and the sea level 125–130 m lower than it is today (Clark and Mix, 2002; 
Tierney et al., 2020), which could cause ecosystems to shift altitudinally 
towards lower zones and benefit vegetation that is adapted to colder 
conditions. Indeed, our pollen-based climate models in ARE estimate a 
mean temperature drop to about 14 ◦C, while brGDGTs indicate an in
crease by roughly 2 ◦C compared to pre-LGM estimates, followed by 
LGM estimates similar to those from pollen-based climate models within 
uncertainties. Future local brGDGT calibration studies may help confirm 
whether the pre-LGM colder climate indication is accurate, or if it is 
influenced by the vegetation canopy effect or regional variations 
(Pérez-Angel et al., 2020).

According to von Suchodoletz et al. (2010), there was higher atmo
spheric humidity in the Canary Islands during the LGM than during the 
current interglacial period, as shown by proxies such as clay content and 
magnetic susceptibility in aeolian sediments from Lanzarote. They 
propose two scenarios: precipitations increased due to intensive winter 
cyclones originating in the North Atlantic, or a northward shift in the 
Intertropical Convergence Zone that led to a migration of the West Af
rican Monsoon into the latitudes of the Canary Islands (von Suchodoletz 
et al., 2010). Regarding vegetation changes, Fernández-Palacios et al. 
(2016) suggest that temperature drops, marine regressions, and glacia
tion effects resulted in a vertical realignment of vegetation zones, which 
in turn caused species adapted to cooler climates to shift to lower ele
vations. The ARE record demonstrates the loss of Morella from the area 
during the LGM. Morella is also native to humid pine forests and can 
withstand low temperatures. This indicates a reduced water availability, 
which is supported by a decrease in Spirogyra algae zygospores, indi
cating reduced waterlogging. Low precipitation is also reflected in a 
decrease in sedimentation rate, dropping to less than 1 cm in over 150 
years. This agrees with the global trend towards drier conditions during 
the LGM (Bartlein et al., 2011).

Another proposed idea is that throughout the pre-LGM period, the 
trade winds were stronger, carrying more Saharan dust (Zühlsdorff 
et al., 2007, 2008), a situation analogous to unusual modern observa
tions of ‘blood rains’ in the Canary Islands (Criado and Dorta, 2003). 
This dust intrusion would have been especially acute during the Hein
rich events, occurring immediately before and after the LGM (from 
Heinrich-6 at 60 cal ka BP to Heinrich-0 at 12 cal ka BP), connected with 
iceberg fleets drifting southward from the Laurentide and Fenno
scandian ice sheets into the North Atlantic (Collins et al., 2013). 
Concurrently, it has been proposed that the Canary Current intensified, 
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further cooling the region (Moreno et al., 2002). Our sedimentological 
data does not show pronounced changes, making it difficult to test this 
hypothesis. However, marine sediment samples from halfway between 
the Canary Islands and Cabo Verde show an increase in pine pollen 
signal around 18 cal ka BP, interpreted as an increase in trade wind 
strength (Hooghiemstra et al., 2006). The increase in the pine pollen 
signal in marine records may have resulted from two primary sources: 
the Canary Islands or the Mediterranean basin. These changes likely 
reflect both the strengthening of the trade winds and a regional 
expansion of coniferous forests. The high abundance of pine pollen in 
the ARE record indeed suggests an expansion of pine forest at lower 
elevations, which, because of the islands’ conical shape, translates into a 
multiplicative increase in the area covered by forest. Probably, elements 
of the laurel forest retreated to ravines or lower elevations where suf
ficient moisture remained available.

Contrary to expectations, the establishment of pine forests in the 
Vega de Arucas was not associated with an increase in fire frequencies. 
While charcoal analysis revealed occasional peaks, suggesting sporadic 
burning events, no sustained fire activity was detected. This challenges 
the common assumption that pine forest expansion typically leads to 
more frequent fires. Although it is unlikely that there were no fires, 
given the dynamics of the fire regime in the pine forest at present, this 
low frequency may have resulted from the low temperatures that 
affected ignition in the pine forest at that time. It must be noted that fire 
detection may be challenging due to the low temporal resolution in this 
zone (167 yr/cm). Even in areas with lower temperatures and coniferous 
forests, such as the boreal taiga, similar techniques reveal a higher fire 
frequency, with fire events occurring at intervals of less than 900 years 
(Feurdean et al., 2020; Mazei et al., 2020).

4.3. Deglaciation (Bølling-Allerød (B/A), 14.5–12.9 cal ka BP and 
Younger Dryas (YD), 12.9–11.7 cal ka BP)

Pollen analysis from Vega de Arucas indicates that during deglacia
tion, pine forests disappeared and were replaced by vegetation primarily 
dominated by junipers and palms, as well as herbaceous plants that are 
typical of an open thermophilous woodland. Pollen in this part of the 
record starts showing signs of deterioration, and some samples did not 
contain enough pollen grains for their analysis (levels 270, 250, 220, 
and 210 cm), and is fully absent or too deteriorated during the Holocene 
period (samples 160–60 cm). The degradation of palynomorphs in the 
uppermost sections of the record, and specially the upper 160 cm, is 
linked to sedimentary changes (increased median grain size, sand con
tent and mineralogenic content reflected in higher titanium concentra
tion) and the absence of aquatic indicators (zygospores of Spirogyra), 
suggesting that seasonal ponds ceased due to higher temperatures and 
decreased precipitation. These coarser, non-waterlogged sediments 
likely underwent a combination of processes such as microbial attack, 
oxidation and microfossil abrasion through mechanical forces (Havinga, 
1967). These conditions did not affect the preservation of charcoal 
particles, as charcolified material is generally more resistant to physical 
and chemical decomposition (Caromano and Cascon, 2014).

The deglaciation process in Europe and North America started after 
the LGM and lasted c. nine millennia (Roberts, 2009). Unsteady tem
perature increases characterised this time lapse, with ice sheets peri
odically growing and retreating because of thermal fluctuations. These 
oscillations included warmer periods like the B/A (c. 15–12.9 cal ka BP) 
and cooling periods like the Oldest Dryas (c. 19–15 cal ka BP) and YD 
(12.9–11.7 cal ka BP). According to fossil evidence found in the 
Northern Hemisphere from beetles and chironomids, summer temper
atures increased dramatically during the Bølling-Allerød and eventually 
reached or even surpassed modern levels (Bowen, 2009). Even though it 
is thought that Canary Islands temperatures stayed constant during the 
deglaciation (Yanes, 2008; Yanes et al., 2011), there was a noticeable 
variation between the wet and dry seasons. Arid periods are associated 
with climatic shifts in North Africa between 14.9 ± 3.6 ka and 11.0 ±

4.0 ka according to data from amino acid racemisation zones of sedi
mentary deposits (Ortiz et al., 2005). Furthermore, the Saharan dust 
deposits in Lanzarote imply that dry periods preceded Heinrich events, 
turning humid both during and after these occurrences (Heinrich et al., 
2021). Similar humid phases were identified in Fuerteventura at 
approximately 17 and 15 ka cal BP. (Petit-Maire et al., 1987; Coello 
et al., 1999).

Our data show that the Canary Islands were strongly impacted by the 
deglaciation period. Even with the ocean’s moderating influence, in
dependent indicators in ARE show sudden and abrupt variations in 
temperature, humidity, vegetation altitudinal distribution, and fire re
gimes. Overlapping peaks and valleys (Figs. 2–6) show these variations. 
This time frame, which stands in stark contrast to the Holocene, reflects 
the difficulty of conclusively ending the LGM and beginning the present 
interglacial epoch. A landscape primarily dominated by open ther
mophilous woodland suggests temperatures ranging from 15 to 19 ◦C, 
with roughly 250–400 mm of precipitation (Fernández-Palacios et al., 
2024). The pollen-based climate model also shows decreased precipi
tation, from 622 to 277 mm, and a general temperature increase, from 
14 to 18 ◦C (Fig. 4) with oscillations. Notably, Amaranthaceae pollen, 
which is prevalent in Saharan vegetation and spread by easterly winds, 
predominates in several ARE samples dated approximately around the 
YD (Hooghiemstra et al., 2006). Although pollen production by native 
species of Amaranthaceae complicates definitive conclusions if this 
pollen is exogenous, it could indicate periods of increased dust deposi
tion in the Canary Islands as some authors have suggested (Williams 
et al., 2016; Heinrich et al., 2021).

Temperatures inferred from brGDGTs oscillate between roughly 9 
and 17 ◦C without any general trends, differently from pollen-based 
temperatures, and these oscillations occur after the vegetation change 
from pine forests to juniper, palms, and herbaceous plants. In addition to 
the precipitation and vegetation effects previously discussed in section 
4.1, the reduced precipitation and more arid B/A and YD conditions 
relative to the LGM may challenge brGDGT-based temperature re
constructions (e.g., Dirghangi et al., 2013; Menges et al., 2014; Dang 
et al., 2016; Duan et al., 2020, 2022; Guo et al., 2022), resulting in larger 
calibration residuals for arid environments than for humid environ
ments (De Jonge et al., 2014; Naafs et al., 2017a; Dearing 
Crampton-Flood et al., 2020). Indeed, the brGDGT-based temperature 
oscillations by up to roughly 8 ◦C during the B/A and YD fall within the 
2σ global calibration uncertainties of roughly 8–10 ◦C. As previously 
discussed in section 4.2, a local brGDGT calibration is required to assess 
thermal and non-thermal effects—including vegetation, precipitation, 
and aridity—on brGDGTs in the Canary Islands.

After thousands of years without fires during the LGM, fire activity in 
Vega de Arucas resumed during the deglaciation. During the B/A, the 
highest concentrations of charcoal are found, with a rapid return in
terval (170 years), while in the YD, the fire return interval increases to 
over 442 years. Changes in seasonality causing more ignition events, 
rising temperatures, or the transition of vegetation and biomass could 
have contributed to this phenomenon. This value fits the return intervals 
that are anticipated for Mediterranean thermophilic forests. By com
parison, fire return intervals in modern Mediterranean forests range 
from 25 to 100 years (Pausas, 2012). Other estimates based on similar 
methods, such as those from Lake dell’Accesa in Italy (Vannière et al., 
2008), indicate that the Holocene’s mean fire return interval was 
approximately 150 years, with a minimum of about 80 years and a 
maximum of about 450 years. Perhaps the activation of these fires 
facilitated the replacement of pine forests by thermophilous woodlands 
as they did during the laurel forest-pine forest boundary in the pre-LGM.

4.4. African Humid Period (AHP, 11.7–5 cal ka BP)

During this period (and the rest of the Holocene) pollen preservation 
is very poor (samples 160–60 cm). The sole preserved pollen sample at 
the onset of this period reveals a vegetation composition similar to that 
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of the last deglaciation, characterised by thermophilic species. This 
suggests that temperatures were higher during this time, a trend further 
supported by an increase in brGDGT-based temperatures from ~14 to 
~19 ◦C. This is consistent with what is expected for the early Holocene 
at global scale and the African Humid Period (AHP) regionally, char
acterised by higher temperatures during the climatic optimum (between 
~10,000 and ~6000 cal a BP) due to almost 8 % more summer solar 

radiation in the Northern Hemisphere than at present (Roberts, 2009).
However, this climatic optimum took different forms: in the tropics 

and in North Africa, it corresponded to a “pluvial” or humid period that 
most likely also affected the Canary Islands (Roberts, 2009). North Af
rican climate models indicate that the movement of the Intertropical 
Convergence Zone (ITCZ) is the main cause of humid periods. The ITCZ 
moved southward as the North Atlantic cooled and northern boreal 

Fig. 6. Multi-proxy diagram of the Vega de Arucas sedimentary sequence (ARE) in Gran Canaria, with selected fire-history data, pollen taxa that best represent shifts 
in vegetation belts and palaeoclimatic proxies (upper panel). Bottom panel shows curves of sea level, sea surface temperature (SST), and precipitation obtained from 
marine sedimentary records (ODP658, GC27, GC37). Upwelling and dust input, obtained from marine (ODP658, GC27, GC37) and terrestrial (Tislit) sedimentary 
records from northwest Africa published in other studies: Global sea level: Cutler et al. (2003), GC27, GC37 dust: Mcgee et al. (2013), GC27, GC37 precipitation: 
Tierney et al. (2017), ODP658 SST: Zhao et al. (1995), ODP658 232Th: Adkins et al. (2006), Tislit: Cheddadi et al. (2021), pre-LGM: pre-Last Glacial Maximum 
(30–26 cal ka BP), LGM: Last Glacial Maximum (c. 26–14.5 cal ka BP), B/A: Bølling-Allerød (14.5–12.9 cal ka BP), YD: Younger Dryas (12.9–11.7 cal ka BP), AHP: 
Early Holocene/African Humid Period (11.7–5 cal ka BP), M-LH: Middle and Late Holocene (5 cal ka BP–present).
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insolation decreased, by contrast, the ITCZ shifted to higher latitudes 
due to increased northern boreal insolation, and precipitation increased 
throughout most of North Africa (Prell and Kutzbach, 1987; Menviel 
et al., 2021). This ITCZ shift northward caused the Sahara to become 
greener during the AHP. Reduced dust in Saharan dunes, reconstructed 
increases in precipitation based on marine sediments, and vegetation 
changes in North Africa indicating greening (Kuhlmann et al., 2004; 
Lézine, 2009; Watrin et al., 2009; Hély and Lézine, 2014) are just a few 
records that attest to this phenomenon (Fig. 6).

Multiple lines of evidence suggest a period of increased humidity in 
the Canary Islands coinciding with the AHP. In Gran Canaria, sediment 
avalanches in Tenteniguada indicate a humid episode that aligns with 
the onset of the AHP (Lomoschitz et al., 2008). Dune records in Fuer
teventura and Lanzarote hold a mix of bioclastic sands and Saharan dust 
likely deposited during blood rain episodes at the end of the Pleistocene 
(Criado et al., 2012). Similarly, Damnati et al. (1996) and Coello et al. 
(1999) identify humid phases around 8–9 ka cal BP.

Possibly, these changes in climate also affected the fire regime. 
During the AHP, the shortest return interval in the record is observed 
(102 years, 11,595 cal a BP), although in this period there is also high 
variability, with some of the longest fire return intervals in the record. 
One could hypothesise that the fire return interval was shorter with the 
increase in temperatures during the beginning of the Holocene but its 
length increased with the arrival of AHP moisture.

Unlike other periods, the Holocene volcanism of Gran Canaria is 
well-dated (Rodríguez González, 2009), which also allows us to study 
the relevance of this ignition source. No correlations between volcanic 
eruptions and fire events were observed, highlighting the fact that the 
climate plays a major role in determining fire events, in relation to 
lightning frequency. This conforms with the fire record reconstructed 
from La Calderilla (Gran Canaria summit, 1770 m a.s.l.) sedimentary 
sequence (Ravazzi et al., 2021) (Fig. 1).

4.5. Middle and Late Holocene (M-LH, 5–0 cal ka BP)

During the Middle and Late Holocene (M-LH), the poor preservation 
of pollen in our record hinders the documentation of potential vegeta
tion changes, despite evidence from other studies indicating that 
regional climatic conditions underwent substantial alterations. The 
upper 50 cm of the sample, corresponding to ~1140 cal a BP, shows 
poor preservation but provides evidence suggesting the persistence of 
thermophilous vegetation during this period. This observation agrees 
with the palaeoecological record from Laguna de Valleseco (870 m a.s.l.) 
(Fig. 1), which documents thermophilous woodlands from 4500 to 2300 
cal a BP (de Nascimento et al., 2016). Anthracological studies from La 
Cerera (Fig. 1) further support this, revealing human use of Juniperus 
spp., since at least c. 1600 cal a BP (Becerra Romero et al., 2009). These 
observations are consistent with the potential vegetation of the area, 
where Vega de Arucas is classified as a hygrophilous Canary Island palm 
tree community (del Arco et al., 2006) (Fig. 1). Historical accounts also 
suggest the presence of a wetland dominated by Juncus acutus (Caballero 
Mujica, 1974).

After the southward shift of the ITCZ to its present-day latitudes, the 
AHP ended, resulting in the second half of the Holocene being consid
erably drier than the first. The savannahs and C4 grasslands that covered 
the Sahara during the AHP moved southwards to their current locations 
in the Sahel, and the Green Sahara entirely vanished (Kuechler et al., 
2013). After this shift, the Canary Current and the strength of the trade 
winds once again dominated the environment, supporting upwelling 
and the influx of Saharan dust (Adkins et al., 2006; McGee et al., 2013). 
Our brGDGT data indicate an average temperature of roughly 17 ◦C, 
which falls within the range of the previous period (AHP) and coincides 
with the estimates from the pollen-based climate model for the upper 
pollen sample within uncertainties.

Regarding fire records during the M-LH, three fire events with 
varying return intervals are detected at ARE. In the more recent part of 

the sequence, we can look for human influence, as detected in other 
records from the island. Specifically, studies from La Calderilla (4.8–0 
cal ka BP) (Ravazzi et al., 2021) and Laguna de Valleseco (4.5–1.5 cal ka 
BP) (de Nascimento et al., 2016) have shown an increase in charcoal 
concentration starting around 2 ka, which is interpreted as a result of 
human activity given its temporal proximity to the settlement of the 
islands. However, recent revisions to the chronology of human coloni
sation suggest that the first arrival of humans to Gran Canaria occurred 
around 1.46–1.42 cal ka BP (Santana et al., 2024). Since our record only 
extends up to 1.57 cal ka BP, it is possible that it predates the main phase 
of anthropogenic fire activity on the island. Therefore, the absence of a 
charcoal peak in Vega de Arucas may reflect this chronological limita
tion rather than a true absence of human influence. Alternatively, it 
could also result from agricultural disturbance affecting the upper part 
of the record or a delayed human impact in this specific region. Lack of 
palynomorph preservation in these samples prevents us from analysing 
other anthropogenic landscape modifications on the site.

5. Conclusions

The study of the Vega de Arucas sequence has allowed us to char
acterise local climatic, vegetation, and fire changes between 27 and 1.5 
cal ka BP, as well as vegetation changes from 27 to 11 cal ka BP, most of 
which correspond to natural variations. Past climate in Gran Canaria 
does not appear to have been as stable as previously thought. Remark
able climatic variations are detected during the onset of the LGM, 
deglaciation, and early Holocene, meaning that the Canary Islands 
vegetation is clearly sensitive to changing climatic conditions, having 
experienced major transformations over the past 30,000 years. As ex
pected, these natural climatic changes have led to altitudinal shifts in 
vegetation zones and their associated species. In the Vega de Arucas, the 
laurel forest was replaced by a pine forest, which was later succeeded by 
a thermophilous woodland. In addition to changes linked to altitudinal 
shifts, more subtle changes have also been detected, such as variations in 
species composition within the same vegetation zone (laurel forest 
without Erica, lack of the representative windward understory in the 
pine forest).

The fire regime and fire return intervals have also been affected by 
these climatic changes, influenced no only by a complex combination of 
these parameters: fires in the Arucas basin were most frequent during 
transitions between vegetation types (28–26 cal ka BP and 13–11 cal ka 
BP) but were rare when pine forests dominated (27–13 cal ka BP). This 
pattern contrasts with modern expectations of higher fire frequency in 
pine forests, so the decrease in fires after pine forest establishment may 
be due to the colder, drier conditions prevailing in the LGM. A similar 
fire-driven transition occurred during the YD, aiding the spread of 
thermophilous woodlands. During the Holocene, fire frequency varied, 
with periods of over 1000 years without fires.

Looking at the past provides valuable information on how the Canary 
Islands responded to climatic conditions that are not analogous to the 
present, allowing us to outline scenarios of the complex consequences 
that current and future climatic changes may bring. The use of multiple 
indicators in the presented climatic reconstructions has allowed us to 
overcome the limitations of the absence or low detection of some in
dicators due to post-depositional issues. However, further analysis such 
as brGDGT local calibration, higher-resolution charcoal studies, phyto
liths analysis, sites with complete Holocene pollen records, and more 
records from different islands, elevations, and exposures will greatly 
enhance our understanding of past climatic variations in the Canary 
Islands.
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Otto, R., García-del-Rey, E., Muñoz, P.G., Fernández-Palacios, J.M., 2010. The effect of 
fire severity on first-year seedling establishment in a Pinus canariensis forest on 
Tenerife, Canary Islands. Eur. J. For. Res. 129, 499–508. https://doi.org/10.1007/ 
s10342-009-0347-6.

Pausas, J.G., 2012. Incendios Forestales. Los libros de la Catarata, Madrid, Spain. 
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Raberg, J.H., Miller, G.H., Geirsdóttir, Á., Sepúlveda, J., 2022. Near-universal trends in 
brGDGT lipid distributions in nature. Sci. Adv. 8 (20), eabm7625. https://doi.org/ 
10.1126/sciadv.abm7625.

Ravazzi, C., Mariani, M., Criado, C., Garozzo, L., Naranjo-Cigala, A., Perez-Torrado, F.J., 
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